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Abstract 
Using anodic oxidation with a constant/time-dependent linearly varying anodization voltage, we have made films of cylindrical 
and conical-shaped titania nanotube arrays.  X-ray diffraction indicates the amorphous nature of the films and annealing 
improves its crystalline nature.  Diffuse reflectance spectra reveals the band gap of cylindrical and conical nanotubes  as 3.05 and 
2.8 eV respectively.  Photoluminescence spectra recorded at two different excitation wavelengths reveal the existence of surface 
defect states.  We collected the hydrogen gas for both the cylindrical andconical nanotube arrays in a 1M KOH electrolyte with 
10 vol% ethylene glycol illuminatedusing Xenon lamp.The hydrogen generation incylindrical and conical titaniananotube arrays 
at an illumination of 10 mW/cm2 for 1 h is 0.10 and 0.12 mL respectively. 
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1. INTRODUCTION 
The utilization of metal oxides for light harvesting and photoelectrochemical (PEC) water splitting is a promising 
avenue for sustainable hydrogen production.  In recent years, titanium di-oxide (TiO2) has received much attention 
from researchers owing to its properties including photocatalytic activity. Anatase and rutile are the two main 
crystalline structures of TiO2, with band gap energies at 3.2 and 3.0 eV, respectively [1].  The photocatalytic activity 
of TiO2nanostructures depends on its surface to volume ratio and crystal structure, and several studies have been 
performed in order to investigate these issues [2,3].  In particular, one dimensional TiO2 such as nanotubes are more 
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attractive because of its large specific surface area, which has more reactive sites to absorb and oxidize pollutants 
such as benzene, phenol, and p-chlorophenol [4]. 
To produce one dimensional TiO2, a number of methods have been used, such as hydrothermaland anodic alumina 
membranes (AAM), chemical vapour depositionand anodic oxidation.  Among these methods, the anodic oxidation 
is shown to be a powerful and efficient technique. Gong et al. [5]have fabricated the first generation titania nanotube 
(TNT) arrays by anodization using an aqueous HF-based electrolyte, and TNT arrayscould be grown up to a length 
of 500 nm.  The results from Macak et al. [6] indicate that the TNT arrays length can be increased up to 7 m when 
the pH of the anodization electrolyte is kept high while remaining acidic.  In 2007, Karthik Shankar et al. [7] 
reported a new generation of vertically oriented TiO2 nanotubes with length up to 220 m by using various non-
aqueous electrolytes.  The photoluminescence (PL) spectrum of TiO2 can be used to study its energy levels and 
hence can provide information on differences between anatase and rutile electronic structures [8].  Moreover, the PL 
spectrum of TiO2 is strongly dependent on the surface condition, and hence information on surface properties can be 
obtained by PL spectroscopy. 
In this work, we discuss fabrication of vertically oriented cylindrical and conical TNT with HF based electrolyte and 
its application for hydrogen production by water photoelectrolysis. Here we indicate that cylindrical/conical 
topology nanotubes plays an important role in determining the catalyticproperties of metal oxide material in the 
photoelectrochemical (PEC) cell  and suggest that films composed of these nanotube structures may possess useful 
novel properties. 
 
 
2. EXPERIMENT 
 
Titanium (Ti) foils of 0.127 mm thick from Ms. Sigma Aldrich, USA with 99.7% purity were first polished with 
water emery paper, rinsed in an ultrasonic bath and then chemically etched by immersing in a mixture of 
HF:HNO3:H2O in 1:4:5 volumeratio for 1 min to form a fresh smooth surface.  The last step of pretreatment was 
rinsing the Ti sheet with acetone and deionized (DI) water for 10 min.  The substrate was then dried in air at room 
temperature.  The TiO2 nanotube was fabricated in a cylindrical electrochemical teflon reactor of radius 2 cm and 
height 5 cm.  The electrolyte consisted of 0.5 wt% of hydrofluoric acid in double distilled water and a platinum plate 
served as the cathode.  The TiO2 nanotubes growth anodisation potential and time were optimised as 20 V and 60 
min respectively.  After fabrication, the samples were rinsed with DI water.  They were subsequently calcinated at 
580 °C in air ambient for 1h with heating and cooling rates of 5° C/min to induce crystallization and named as S1.  
Conical nanotubes were prepared by anodizing the samples in three step process, initially at 10 V for 10 min, a 
voltage ramp of 0.2 V/min for the next 10 m, and then finally at a constant potentialof 20 V for 10 min.  The linearly 
increasing anodization voltage results in a linearly increasing nanotube diameter[9], with the outcome being an array 
of conical-shaped nanotubes and named as S2. 
For the structural and morphological characterization of the anodized samples, top and cross-sectional views 
were recorded by Field Emission Gun-Scanning Electron Microscopy (FEG-SEM) using a JSM-7600F attached 
with an Energy Dispersive X-ray attachment (EDX) to observe elements present in the films. The X-ray diffraction 
(XRD) pattern were recorded using XPERT-PROX-ray diffractometer with Cu K  radiation (  = 1.54060 Å). The 
optical absorption properties were investigated using a Diffuse Reflectance UV-Vis spectrometer (Varian, Cary300) 
in the 300-700 nm wavelength range.The PL spectral measurements were performedat room temperature on an Cary 
Eclipse EL08083851 fluorescence spectrophotometer equipped with a Xe lamp as the excitation light 
source.Photoelectrochemical cell (PEC) equipped with a quartz window was designed and the exact amount of 
hydrogen gas evolved from the photoanode was analyzed.  A 500W Xenon lamp, Wacom ModelHX-504, was used 
to irradiate the photoanode.   
 
 
3. RESULTS 
 
3.1 Morphology of TiO2 Nanotube Arrays. 
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Figure 1 shows the top and cross-view FEG-SEM images of the porous structure of the sample S1. From figure 1 a, it 
is seen that the highly orderedcylindrical TNT array is composedof nanotubes with average innerdiameters of 80 nm 
and wall thickness of 25 nm.  The average  length of the nanotubes are measured from figure 1 b and found to be 
500 nm.  
 
Fig. 1a) Top and b) lateral view FEG-SEM images of cylindrical TNT   
 Figure 2 shows the topand cross-view FEG-SEM images of the highly dense conical TNT array morphology 
prepared using different anodization voltages for 30min. It can be seen that the average diameter at the top and 
bottom of the TNT are about 25nm and 50 nm, respectively and mean length is 1500 nm. The wall thickness is of 20 
nm.  The three step method of preparation of TNT has increased the length of the tube three times with the decrease 
in diameter and wall thickness. 
 
 
Fig. 2a) Top and b)lateral view FEG-SEM images of conical TNT 
 
Fig. 3. shows the EDX spectra of the composition  of the as prepared and annealed cylindrical samples through the 
nanotube layer.  EDX spectrum show that strong  K   and K   peaks from Ti element appear at 4.51 and 4.92 keV, 
while moderate K  peak of O element appear at 0.52 keV.  A small amount of F present in the as prepared sample 
gets evaporated on annealing as seen in Fig. 3. 
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Fig.3 EDX spectra of a) as prepared b) annealed cylindrical TNT 
 
3.2 XRD Analysis 
X-ray diffraction pattern of the as prepared TNT show only X-ray peaks due to the titanium substrate.  No X-ray 
peaks of TiO2 are observed and it reveals the poor crystalline nature of the material.  To improve the crystallinity the 
films are annealed at 580 °C for 1 h and the XRD pattern of cylindrical TNT array is shown in figure 4a.Annealed 
film exhibits one characteristic diffraction peak at 2  = 24.85° corresponding to (101)plane of TiO2 anatase crystal 
phase in addition to Ti substrate peaks.  Figure 4b gives the XRDpattern of the conical TNT arrays annealed at 580 
°C for 1 h.  Number of X-ray diffraction peaks is observed apart from the Ti substrate X-ray peaks and shows the 
improvement in crystalline nature in conical TNT arrays. 
 
 D. Henry Raja and D. Pathinettam Padiyan /  Energy Procedia  22 ( 2012 )  67 – 77 71
 
Fig. 4  XRD pattern of a)Cylindrical TNT and b) Conical TNT. 
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3.3 Photoluminescence spectra 
To elucidate the photoluminescent properties of TNT arrays PL spectra were recorded at different excitation 
wavelengths, one in the UV region and another in the visible region for in depth analysis.  However, we got PL 
spectra only for cylindrical TNT and no PL peaks were observed in conical titania nanotubes.   PL spectra measured 
at excitation wavelength of 314 nm at room temperature for cylinderial nanotube arrays is shown in Figure 5a.Three 
strong spectral peaks two in UV region and one in visible region, are observed at 360.7, 376.6 and 494.1 nm.  In 
addition five weak PL peaks of TiO2are also observed at 414.5, 459.7, 484.9, 519.84 and 533.6 nm.  PL spectra 
measured at excitation wavelength of 410 nm is shown in Figure 5b.  Four spectral peaks are observed at 459, 485, 
528 and 559 nm.  We had attempted to record PL spectraat different excitation wavelengths for conical nanotube 
arrays but no PL peaks are obtained.  
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Fig. 5  PL spectra of Cylindrical TNT at excitation wavelengths of a) 314 and b) 410 
 
3.4  DRUV-Vis spectra 
Figure 6 illustrates the DRUV-Vis diffuse reflection spectra of the cylindrical and conical TNT array films.  The 
DRUV-Vis reflectance behaviour of the nanotube array films with different morphologies is distinctly different.   
For the cylindrical nanotube sample, two small and broad reflectance peaks are seen in the visible region and it is in 
agreement with the report of Bahnemann and co-workers [10].  The trapped hole exhibits the reflectance at 
wavelength about 530 nm or even shorter, while the trapped electron at the Ti4+ centre shows another reflectance at 
around 600-700 nm, so these phenomena can be identified to be the sub-band gap states of the TiO2 nanotube array.  
However, such a feature is not observed for the conical nanotube sample, and the reflection increases continuously 
in the visible region.  We presume that the number of  trapped charge carriers per unit volume increases due to the 
larger surface area of the conical in the wavelength range 400 - 650 nm indicating more absorption of light in the 
visible region.  
Assuming an indirect bandgap (n = 2) for TiO2  [11]and that the absorption coefficient  is proportional to 
Kubelka–Munk function  F(R), the bandgap energy can be obtained from the plots of  [F(R)hv]2vs  hvas the intercept 
at   [F(R)hv]2 = 0, the extrapolated linear part of the plot.   The band gap energy of cylindrical and conical 
TNTarrays calculated with Kubelka-Munk function is found to be 3.05 eV and 2.8eV respectively and shown in Fig. 
7. 
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Fig. 6 DRUV-Vis spectra of a cylindrical & conical  nanotubes. 
 
 
Fig. 7  [F(R)hv]2 vs. hv plots  for cylindrical and conical TNT 
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3.5 Photoelectrochemical Characterization 
Photoelectrochemical experiments were carried out using a two-electrode configuration with a Pt plate as counter 
electrode and a cylindrical TiO2 nanotube as the photoelectrode.  The cell was provided with a quartz window for 
light incidence.  The intensity of the light was measured by a Laser power meter (Model ID: FieldMate, Coherent, 
Wilsonville, OR, USA).  The 1 cm2 working electrode was illuminated with a Xenon lamp and the measured light 
irradiance on the photoanode was 10 mW/cm2.  An external voltage of 0.5 V was given between the electrodes since 
Fermi level of the cathode was not sufficiently higher than the H2/H2O energy level for instantaneous electron 
transfer using visible light alone.Photoelectrochemical water splitting experiments were conducted in a 1M KOH 
electrolyte with 10 vol% ethylene glycol. The addition of 10 vol% ethylene glycol into KOH electrolyte is to 
enhance the photocurrent density [12].Organic substance in the electrolyte can act as hole scavengers, suppress the 
charge recombination and increase the photocurrent[13].The samples were anodically polarized under illumination 
and the photo-current was recorded.  The photo current density of the cylindrical and conical nanotubes was found 
to be 0.6 and 0.9 mAcm-2respectively.  We collected 0.1 mL hydrogen gas with cylindrical TNT nanotubes and 0.12 
mL hydrogen gas with conical TNT using this present photoelectrochemical cell under a irradiance for one hour.  It 
should be noted that this generation rate of hydrogen includes some contributions from the external bias voltage 
applied.  In the literature, organic pollutants were added to the electrolyte to improve the hydrogen generation of 
polycrystalline particulate TiO2 electrode [13]. Here we have used non aqueous polar ethylene glycol electrolyte.  
 
4. DISCUSSION 
In the nanotube fabrication there are three key processes.  Firstly the oxide growth at the surface of the metal occurs 
due to interaction of the metal with O2  or OH  ions [5, 14].  After the formation of an initial oxide layer, these 
anions migrate through the oxide layer reaching the metal–oxide interface where they react with the metal.  
Secondly metal ion (Ti4+) migrates from the metal at the metal–oxide interface, and Ti4+ cations will be ejected from 
the metal–oxide interface under application of an electric field that move toward the oxide–electrolyte interface.  
Thirdly field-assisted dissolution of the oxide at the oxide–electrolyte interface occurs [14, 15].  Due to the applied 
electric field, the Ti–O bond undergoes polarization and is weakened, promoting dissolution of the metal cations. 
Ti4+ cations dissolve into the electrolyte, and the free O2– anions migrate toward the metal–oxide interface to interact 
with the metal [16, 17].   Chemical dissolution of the metal, or oxide, by the acidic electrolyte also takes place 
during anodization. 
FEG-SEM images of cylindrical TNT show that each pore mouth is open at the top layer and it is due to preferential 
corrosion dissolution by HF.  The bottom of the nanotubes is closed by the presence of an oxide barrier layer.  As 
seen in the cross sectional view of cylindrical TNT the tubes are highly oriented with uniform pore diameter.  
However, in conical TNT, the three step preparation method has resulted into conical shapes of the tubes.  As the 
applied potential increases, the pore diameter decreases.  The higher electric field formed during the anodization has 
caused the sharper corners of the tubes and are seen in the FEGSEM images. 
An energy dispersive X-ray measurement has been carried out to confirm the elements present in the nanotubes.  
From Fig. 3a it is evident that the cylindrical nanotubes are consisting of titanium, oxygen and traces of fluorides are 
also detected through the layer but in an almost negligible amount.  Fluorine present in the amorphous as prepared 
TNT sample is sensitive to the annealing conditions.  Annealing processes (in air) lasting longer than 1 h at 
temperatures above 580ºC resulted in fluorine atoms being completely resubstituted by oxygen and shown in figure 
3b. 
In the X-ray diffraction measurements the peaks corresponding to pure titanium substrate appear both in conical and 
cylindrical TNT arrays.  X-rays can easily penetrate through a thickness of 500 Å and the thickness of TNT film is 
only about 100 Å.  Hence X-ray peaks due Ti substrate are dominant rather than TiO2 reflections.  In cylindrical 
TNT, a weak X-ray reflection corresponding to (101) plane of anatase phase is present.  However in conical TNT 
more number of strong X-ray peaks is observed indicating better crystalline nature than the cylindrical one.  
Crystallization of the as-anodized amorphous nanotubes takes place through nucleation and growth [18].  Heat 
treatment at ~580 °C produces anatase crystal structure of TiO2[19] but heating at a higher temperature will result 
into undesirable structure and even some collapse of TiO2nanotubes.  The XRD (Fig. 4b) pattern of conical TNT 
arrays possesses peaks at 2  = 18.5°(002) and 48.18°(200) which corresponds to the regular anatase crystal phase.  
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Photoluminescence is an extremely useful tool for obtaining information about the electronic, optic, and 
photoelectric properties of materials.  In the PL spectra measured at excitation wavelength of 314 nm (UV region) at 
room temperature for cylinderial nanotube arrays two spectral peaks are observed at 360.7 and 376.6 nm in the UV 
region.  According to the electronic structure of TiO2 these UV emission peaks are assigned to a direct electronic 
transition from the bottom of the conduction band to the top of the valance band on the basis of band gap energy [8].  
It is well known that electrochemical anodization of Ti may produce oxygen vacancies.  Oxygen vacancies have 
been considered as the most common defects and usually act as radiative centres in luminescence processes [20].  In 
addition, the high aspect ratio of the titania nanotube array also favour the existence of large quantities of oxygen 
vacancies [8]. So we believe that the strong emission peak at 494 nm can be ascribed to electronic transition 
mediated by defect level within the band gap.  The four week PL peaks observed at 459.7 nm, 484.9, 519.84 and 
553.6 nm is attributed to the surface defects.   In addition, the lattice distortion and surface oxygen deficiencies may 
give rise to luminescence due to the self trapped excitons.  To elucidate further, PL spectra are recorded at 410 nm 
excitation wavelength and four emission peaks (fig. 5b) are observed at 459, 485, 528 and 559 nm.  The first two 
peaks (459 and 485 nm) are strong and arising due to electronic transition mediated by oxygen vacancies within the 
band gap.  The two peaks noticed at 528 and 559 nm are also due to oxygen vacancies but arise due to donor states 
located below the conduction band.  Conical titania nanotubes in the anatase form, is not photoluminescent by itself.  
The absence of photoluminescence may be attributed to the conical shape of the titania nanotubes which might have 
light trapping and light piping effects. 
  The diffuse reflectance response of cylindrical titania film (Fig. 6) exhibits lower absorption in 
visible light region, whereas the conicaltitania films show a red-shift and increase in absorption in the visible 
region.The increased absorbance of the conical TiO2 nanotubes could be attributed to more number of oxygen 
vacancies generated during annealing at low oxygen partial pressure. The band gap value and the reflectance 
characteristics of the conical nanotubes suggest a better photoactivity than that of cylindrical nanotubes.The PL 
emission spectral peak at 485 nm were significantly observed both in 314 nm and 410 nmexcitation (Fig. 5a and 5b), 
corresponds to the high observed surface reflection band (Fig. 6).The 485 nm band of the nanotubes was observed 
due the high density of surface states in the cylindrical titania nanotubes. 
Conical titania nanotubes prepared by the electrochemical anodisation method and annealed in air atmosphere gave 
better photocurrent (0.9 mA/cm2) compared with those of cylindrical nanotubes (0.6 mA/cm2).  This is due to the 
lower band gap of conical titania nanotubes compared with cylindricalnanotubes.  The lower the band gap of the 
titania nanotubes, the better the activity for water-splitting.   Comparing the activity of the conical titania nanotubes  
with cylindrical nonotubes better activity is due either to the higher percentage of anatase (XRD; Fig. 4) in the 
material, or due to change of topology into the conical TiO2 nanotubeswhich aids absorption of the illuminated 
light.In the present case, high crystallinity with decreased defects in TiO2 nanotubes increases its photocatalytic 
activity.  The results indicate that the photoluminescence properties are strongly influenced by the defects in the 
material. Summarizing the photoelectrochemical performance obtained using cylindrical and conical nanotubes 
photoanodes, it showed that the current densities of conical nanotube photoanode are higher than the cylindrical 
nanotube photoanode.  These results lead to the conclusion that photoelectrochemical reactivity of titania nanotube 
photoanodes mainly depend on the morphology and that the conical morphology enhances hydrogen generation. 
 
5. CONCLUSION 
The present study has demonstrated that the electrochemical anodization method using water–HF as the 
solvent can be used to fabricate highly oriented TiO2 nanotube arrays of various morphology.FEGSEM images 
confirm the formation of TiO2 nanotubes with cylindrical and conical shape.  EDX gave evidence of the presence of 
Ti and O.  XRD analysis showed that it is possible to convert the nanotubes from amorphous to crystalline nature by 
annealing.  Eg was determined from the diffuse reflectance UV-Vis spectra for cylindrical and conical annealed 
titania nanotubes using Kubelka-Munk relation and found to be 3.05 and 2.8 eV respectively.   The results indicated 
that anodic TiO2 nanotubular films with cylindrical/conical morphologies and crystalline nature can be synthesized 
by proper electrochemical anodization and additional annealing treatment, which can be tailored to produce a titania 
nanotubular film with high functional properties.  The analysis performed in this work, indicates that the conical TNT 
has better photoelectrochemical performance that the cylindrical TNT. 
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